Ingestion of contaminated soil is one potential internal exposure pathway in areas contaminated by the Fukushima Daiichi Nuclear Power Plant accident. Doses from this pathway can be overestimated if the availability of radioactive nuclides in soils for the gastrointestinal tract is not considered. The concept of bioaccessibility has been adopted to evaluate this availability based on in vitro tests. This study evaluated the bioaccessibility of radioactive cesium from soils via the physiologically based extraction test (PBET) and the extractability of those via an extraction test with 1 mol L −1 of hydrochloric acid (HCl). The bioaccessibility obtained in the PBET was 5.3% ± 1%, and the extractability in the tests with HCl was 16% ± 3%. The bioaccessibility was strongly correlated with the extractability. This result indicates the possibility that the extractability in HCl can be used as a good predictor of the bioaccessibility with PBET. In addition, we assessed the doses to children from the ingestion of soil via hand-to-mouth activity based on our PBET results using a probabilistic approach considering the spatial distribution of radioactive cesium in Date City in Fukushima Prefecture and the inter-individual differences in the surveyed amounts of soil ingestion in Japan. The results of this assessment indicate that even if children were to routinely ingest a large amount of soil with relatively high contamination, the radiation doses from this pathway are negligible compared with doses from external exposure owing to deposited radionuclides in Fukushima Prefecture.
INTRODUCTION
The Fukushima Daiichi Nuclear Power Plant accident (the Fukushima accident) caused large-scale contamination owing to radioactive materials, and people living in contaminated areas are exposed to radiation in their daily lives. Therefore, determining the radiation doses received by people to manage radiation exposure in areas contaminated by the Fukushima accident is necessary. Radiation exposure occurs through internal and external pathways, and the ingestion of soil contaminated by radioactive Cs is one potential internal exposure pathway (1, 2) . In particular, after the Fukushima accident, this pathway has been a concern for people with children in terms of their exposure when they play in sandboxes and playgrounds (3) (4) (5) .
Therefore, to address their anxiety and improve the child-rearing environment in areas contaminated by the accident, understanding and explaining the effect of this pathway on children is necessary.
To assess radiation doses from the soil ingestion pathway, several factors related to the transfer of radioactive Cs from the ground into the human body need to be considered as along with the mechanisms of absorption in the human body. In accordance with the recommended models (6, 7) , at least three components need to be assessed. The first is the amount of soil ingested. To parameterize this factor, it is necessary to model a lifestyle habit related to contact with the contaminant considering inter-population variability owing to individual attributes such as age and occupation. The second is the concentration of radioactive Cs and its enrichment following the transfer. When people ingest soils contaminated by radioactive Cs through hand-to-mouth activities, the transfer of soil from the ground to the hands results in the selection of fine particles (8) (9) (10) . Consequently, the size classification of the transfer results in the enrichment of the concentration of radioactive Cs. Therefore, the particles that contribute to exposure from ingestion may have higher or enriched concentrations of contaminants relative to the original soils. This factor is called the enrichment factor (6, 9) . Third, the fraction of metals in an administered soil that reaches the body fluids compartment from the gastrointestinal tract needs to be considered. This factor is known as "bioavailability" (6, 7, (11) (12) (13) (14) (15) (16) . It is well known that metals in soils are not absorbed in the gastrointestinal tract with 100% bioavailability. Therefore, exposure to radiation from ingestion pathways can be overestimated if bioavailability is not considered. Even though data on bioavailability can be obtained from in vivo tests on humans or animals, in vivo tests involve several issues such as difficult procedures and ethical concerns. In the light of these issues, the concept of "bioaccessibility" has been adopted for health risk assessments of soil ingestion, which is defined as the fraction of soluble substances in the gastrointestinal environment and those available for absorption (14) . Therefore, on the basis of the results of in vitro tests, the evaluation of bioaccessibility for radioactive Cs can be calculated as the ratio of radioactive Cs dissolved from the soil sample in an in vitro test to that present in the soil sample before the in vitro test (6, 7, (11) (12) (13) (14) (15) .
To assess radiation doses from the ingestion pathway, the International Commission on Radiological Protection (ICRP) has formulated a biokinetic model (17) (Fig. 1 ). This biokinetic model considers the transit of ingested radioactive materials through four regions of the alimentary tract, i.e., the stomach, small intestine, upper large intestine, and lower large intestine. In this model, bioaccessibility is equal to the absorption fraction from the small intestine to the body fluids, which is called f 1 in the ICRP model (17) (18) (19) (20) (21) , because the ICRP model was developed on the assumption that the absorption of radionuclides to the body fluids occurs entirely in the small intestine. The transfer coefficient from the small intestine to the body fluids, , can be represented in the following form using the f 1 value (17) :
Here, is the transfer coefficient from compartment i to the next compartment. Even though the value of 1 has been used for the f 1 value in ICRP publications (17) (18) (19) (20) (21) , Cs that is incorporated into insoluble particles such as soils is less available for absorption. Therefore, if we assess doses from the ingestion of soils contaminated by radioactive Cs, it is necessary to analyze the doses based on the actual bioaccessibility of Cs adsorbed on soils.
To simulate the effects of human digestion, several in vitro techniques have been developed (6, 7, (11) (12) (13) (14) (15) .
Even though some studies have been based on these techniques, it is well known that the bioaccessibility of metals in soils depends on the types of contaminants and soils (11) . Therefore, contaminant-and site-specific bioaccessibility is necessary to assess doses from soil ingestion in areas contaminated by the Fukushima accident. One aim of this study is to evaluate the bioaccessibility of radioactive Cs in order to assess doses from the ingestion of soil contaminated by the Fukushima accident. To this end, we performed the physiologically based extraction test (PBET) (14, 15) using soil samples from Fukushima Prefecture.
PBET was recommended as a practical methodology for in vitro measurement to determine the bioaccessibility of metals in soils. However, the PBET procedure is more complex than procedures of single-extraction tests such as HNO 3 or HCl extraction. If we applied the PBET to assess the bioaccessibility in areas contaminated by a nuclear accident, enormous amount of testing would be needed to evaluate the bioaccessibility with great accuracy when considering the differences in soil types and contaminants, and thus generate much radioactive waste. Because a vast area is contaminated by a nuclear accident and there are various soil types corresponding to the difference of areas. As pointed out by Beresford et al. (22) , the ability to predict radioactive Cs bioaccessibility rapidly without complex procedures is desirable, especially in the event of accidental contamination. Here, we focus on extraction tests with 1N HCl, which has been adopted under Japanese national law to evaluate the fractional absorption of heavy metals in the gastrointestinal system (16) .
In this study, we define "extractability" as the ratio of radioactive Cs dissolved from a soil sample to that present in the soil sample before the extraction test with 1N HCl. A previous study (23) explored the relationship between bioaccessibility with PBET and extractability with 1N HCl. However, there is currently no insight into the relationship between them with regards to Cs. Therefore, we aim to explore the relationship between the bioaccessibility of the Fukushima accident-derived Cs from soils with PBET and the extractability with 1N HCl extraction.
Finally, we assess the potential doses to children from hand-to-mouth activities after the Fukushima accident on the basis of PBET results for soils in Fukushima Prefecture considering hand-to-mouth activities actually observed in a Japanese kindergarten. Accordingly, we performed calculations using the biokinetic model developed by the ICRP along with the bioaccessibility obtained from our experiments. In addition, to describe an assessment procedure of soil ingestion pathway via hand-to-mouth using a probabilistic approach is also an aim of this study.
MATERIALS AND METHODS

Soil Samples
Soil samples were collected in Date City, Fukushima Prefecture, in September 2014. Date City is located to the northwest of the Fukushima Daiichi Nuclear Power station at a distance of approximately 60
km. The samples were collected from bare surfaces in a park that was not decontaminated after the Fukushima accident prior to our sampling. The latitude and longitude of the sampling point is 37° 75' 85" N and 140° 68' 81" E. We collected six soil samples from the ground surface to a depth of 1 cm. The sampled soils were air-dried in a desiccator at 45°C for 24 h or until they were visually dried. After air drying, the soils were placed in clean sieves with 0.1-mm meshes and shaken on a mechanical shaker for 6 h. A mesh size of 0.1 mm was employed based on a previous study reporting that the soil particles ingested through the hand-to-mouth pathway are mostly smaller than 0.1 mm (10) . Soil pH was measured using a pH meter (DDK-TOA, HM-31P) in a sample with 1:5 ratio of soil to distilled water. The fraction of the organic matter in the soil samples was characterized using an ignition loss test in accordance with Japanese Industrial Standards (JIS) (24) . The characteristics of the soil samples are summarized in Table I .
Extraction Test
Extraction test with 1N HCl
The extraction test with 1N HCl was performed in accordance with Notification No. 19 from the Ministry of the Environment (16) . The notification stipulates that the soil-to-fluid ratio should be 3% (in grams per milliliter). Because radioactivity measurements will be used to determine the extracted quantity, the samples need to contain greater amounts of radioactive nuclides to ensure measurement accuracy. In these tests, we used a 10% sample in addition to a 3% sample to explore the dependence of the extractability on the soil-to-fluid ratio. Soil samples weighing 5 g and 1.5 g were chosen for extraction with 50 mL of 1N HCl.
The soil-liquid mixed samples were shaken with a mechanical shaker at 200 rpm for 2 h at 25°C. The shaken samples were centrifuged at 3,000 rpm for 10 min and then filtered through 0.45-μm filters.
The Physiologically based extraction test (PBET)
The PBETs were performed on the basis of the procedure suggested by Ruby et al. (14) . Soil-to-fluid ratios of 1%, used by Ruby et al. (14) , and 10% were adopted for the same reason mentioned above. Soil samples weighing 5 g and 0.5 g were tested with 50 mL of artificial gastric juice. The gastric juice was prepared as follows: 1 L of distillated water was mixed with 1.25 g of pepsin (Wako Pure Chemical Industries, Ltd.), 0.5 g of citrate (Wako Pure Chemical Industries, Ltd.), 0.5 g of malate (Wako Pure Chemical Industries, Ltd.), 420 μL of lactic acid (Wako Pure Chemical Industries, Ltd.), and 500 μL of acetic acid (Wako Pure Chemical Industries, Ltd.). Ruby et al. (14) showed the dependence of lead and arsenic bioaccessibility on the pH value of the gastric juice. Apparently, bioaccessibility in the stomach and small intestine increases with decreasing pH value. In our tests, the pH of the gastric juice was set to 1.3, representing the fasting condition, for a conservative assessment of the doses. Even though the mixing of the soil with the gastric juice was achieved by passing argon gas through the reaction vessels by Ruby et al. (14) , several studies (11, 15) have shown that it is not necessary to maintain anaerobic conditions with argon gas and that the extraction results of mixing using a mechanical shaker within a temperature-controlled water bath appeared to correlate well with bioavailability values from swine studies (11) . Therefore, we used a mechanical shaker with a temperature-controlled water bath to mix the samples. The samples were shaken at 100 rpm in a water bath maintained at a constant temperature of 37°C for 1 h. After the gastric phase, hydrogen-ion concentrations of the sample solution were titrated to a pH of 7 by adding a cellulose tube containing a saturated NaHCO 3 solution. Then, 1.75 mg mL −1 of bile salts (Wako Pure Chemical Industries, Ltd.) and 0.5 mg mL −1 of pancreatin were added to the solution. After an intestinal incubation time of 4 h, the samples were centrifuged at 3,000 rpm for 10 min and then filtered through 0.45-μm filters.
RESULTS AND DISCUSSION
Radioactivity of Soils and Enrichment
The results of the radioactivity measurement are summarized in Table II . The activities shown in this Note that the soil samples were collected within a depth of 1 cm from the ground surface in non-decontaminated areas. Therefore, the data does not represent the other areas in Date City that have been decontaminated. The 137 Cs concentration measured after size classification using a 0.1-mm sieve ranged from 6.67 × 10 4 Bq kg −1 dry wt. to 1.81 × 10 5 Bq kg −1 dry wt. Therefore, an enrichment factor, defined as the ratio of the 137 Cs concentrations measured before and after sieving, of 2.6 ± 0.3 was obtained.
It is well known that contaminant concentrations are higher in smaller soil particles than in larger soil particles, and Cs the same tendency has been reported in previous studies of soils contaminated by radioactive Cs (25) (26) (27) (28) (29) . While a generalized model to describe the relationship between the particle size and the concentration has not yet been developed, experiments conducted thus far have determined that the concentration of radioactive Cs depends on the particle size distribution of the soil and other parameters such as the organic matter content (25) (26) (27) (28) (29) . For example, Livens and Baxter (25) observed that 137 Cs was concentrated in clay-sized (<2 µm) particles with enrichment factors of 3-35 times. Spenzzano (27) reported that the concentration of 137 Cs in soil samples is essentially associated with finer size fractions. For clay-sized particles, the enrichment factors for the concentrations of 137 Cs were 3-5 times higher than for the bulk samples (27) .
In addition, Sheppard (6, 9) suggested an a priori model to determine the enrichment factor owing to the adhesion of soil to the skin. Based on this model and the observation results of several metals (not-included Cs data), Sheppard (6) observed that the value of the enrichment factor for sand soils such as in playgrounds and sandboxes is 5-10. For other soils, the value is lower than 2-3. The experimental results summarized in Table II are consistent with the values obtained in previous studies, and we used an average enrichment factor of 2.6 in our assessments. Table III summarizes the results of radioactivity measurements using the liquid samples extracted with 1N HCl and those performing the PBET as well as the evaluated values of the extractability and bioaccessibility. When the soil-to-fluid ratio was set to 3% and 10%, the extractability was 0.16 ± 0.03 and 0.065 ± 0.01, respectively. The bioaccessibility values for soil-to-fluid ratios of 1% and 10% were 0.053 ± 0.01 and 0.0093 ± 0.003, respectively. As indicated by Cave et al. (15) , the differences in the extractability and the bioaccessibility between individual samples are derived from a combination of a number of sources such as (i) the repeatability of the precision in the laboratory, (ii) the systematic bias of the PBET method, and (iii) the uncertainty that is induced during the sampling of the soils in the field. In our results, at least, there is a possibility that the differences in the bioaccessibility and the extractability shown in Table III were introduced owing to the differences of the character of the soils (e.g., the organic matter content and the particle size distribution).
Extractability and Bioaccessibility of Radioactive Cs
The relation between the extractability determined using the extraction test with 1N HCl and the bioaccessibility determined using the PBET is shown in Fig. 2 . These relation were experimentally determined on the basis of the experimental results from the soil-to-fluid ratios of 3% and 1% for the extraction test with 1N HCl and the PBET and the soil-to-fluid ratios of 10% and 10%. The soil-to-fluid ratios of 3% and 1% are designated values as the extraction test with 1N HCl and the PBET in Japanese law and previous studies, respectively. The bioaccessibility was observed to be strongly correlated with the extractability in both cases. However, as shown in Fig. 2 , the correlation determined on the basis of the experimental results from the soil-to-fluid ratios of 3% and 1% and that determined from the soil-to-fluid ratios of 10% and 10% have the difference in the slope of the regression line. This difference is attributable to the dependence of bioaccessibility and extractability on the soil-to-fluid ratios. Fig. 3 shows the bioaccessibility and the extractability as a function of the soil-to-fluid ratio. For bioaccessibitility, Hamel et al. (30) found an increase in bioaccessibility with decreasing soil-to-fluid ratio due to solution saturation.
Although we need further experiments will be needed to get the information on the dependence of the bioaccessibitlity and the extractability on the soil-to-fluid ratio, our results shown in Fig. 3 are not inconsistent with Hamel's results.
In addition, based on our results, if the soil-to-fluid ratios is more than 17%, the extractability is less than the bioaccessibility. This means that we cannot use the extractability via the extraction test with 1N HCl to conservatively determine the bioaccessibitilty under the experimental condition that the soil-to-fluid ratio is exceeding 17%. Therefore, it is reiterated that the soil-to-fluid ratio needs to be maintained at the recommended values, which are 3% and 1%, for the extraction test with 1N HCl and the PBET. However, these insights were obtained from limited data described in this study. For the bioaccessibility from the PBET and the extractability via the extraction test with 1N HCl, to explore the dependence of those on the soil-to-fluid ratio, and to clarify the relationship between them, further experiments and analysis will be needed.
Previous studies (22, (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) have addressed the bioavailability and bioaccessibility of radioactive Cs in soils and foodstuff (Table IV) . It is generally accepted that Cs ingested as soluble Cs is well absorbed in the gastrointestinal tracts of humans and animals. Results from controlled studies on human subjects indicate that orally administered soluble 137 Cs is rapidly and almost completely absorbed (31, 32, 35, 41) . Furthermore, radioactive Cs in foodstuffs is equally available for absorption in humans and animals (33, 35, 39) . By contrast, previous studies clearly indicate that insoluble radioactive Cs such as that adsorbed on soils tends to be unavailable for absorption in the gastrointestinal tract compared with soluble Cs and other foodstuffs such as meats and grass (22, 32, 33, (36) (37) (38) (39) (40) .
Our results, which were obtained by performing extraction tests using only soil samples (Table III) , agree well with the literature. However, the bioavailability of radioactive Cs in soil depends on organic content (42, 43) , the origin of the Cs (worldwide fallout or the Chernobyl accident) (44) , and soil physicochemical characteristics (38) . Therefore, further investigations are required to clarify the uncertainty in terms of different soil types and physical and chemical forms of Cs adsorbed on soil.
Doses from Soil Ingestion to the Public Living in Areas Affected by the Fukushima Accident
The annual committed effective doses after March 15, 2011 were assessed for soil ingestion via hand-to-mouth activities for the contributions of 134 Cs and 137 Cs. The assessments were performed in terms of doses to children because children are more vulnerable to radiation exposure and have more frequent contact with soil than adults. Age categories of "1 y" and "5 y" were adopted for our assessments, as defined by ICRP recommendations (18, 20, 21) . The categories of 1 y and 5 y include the age ranges of 1-2 y and 2-7 y, respectively.
The radiation dose from ingested soils, D soil , during the period between t 1 and t 2 is expressed as follows:
where the index j represents the age categories. SI is the amount of soil ingested per day (kg d −1 ), A Cs137 (t) is the concentration of 137 Cs in the soil at an elapsed time t after the contamination (Bq kg −1 ), EF is the concentration enrichment factor, C Cs134 is the ratio of the concentration of 134 Cs to that of 137 Cs, and k Cs134,j and k Cs137,j are the committed effective dose coefficients of 134 Cs and 137 Cs, respectively (Sv Bq −1 ).
The committed effective dose coefficients are evaluated as the sum of the committed equivalent doses to the organs or tissues per unit radionuclide ingested. We calculated the coefficients using the ICRP's biokinetic model shown in Fig. 1 . In these calculations, we used the DCAL system, which was developed by Oak Ridge National Laboratory (45) (46) (47) . In the calculation for the coefficients, the standard assumption adopted in the ICRP model is that the absorption of the radionuclides to the body fluids occurs entirely in the small intestine. This fractional transfer from the small intestine to the body fluids is called f 1 in ICRP publications (17) (18) (19) (20) (21) and is equal to the bioaccessibility. Even though a value of 1 has been used for this parameter in ICRP publications (17) (18) (19) (20) (21) , in this study, we made calculations with various values of f 1 to explore the contribution of insoluble particles adsorbing 134 Cs and 137 Cs. Figure 4 shows the committed effective dose coefficient as a function of the bioaccessibility (i.e., f 1 ).
When a value of 1 was adopted for the bioaccessibility, the committed effective dose coefficients of 134 Cs and 137 Cs for the age categories 1 y and 5 y have the same value as in the ICRP publications (21) . Here, if complete absorption is indicated from the small intestine into the body fluids, in the same manner of the ICRP recommendation (19) , the calculations of Eq. (2) were performed using a value of 0.99 for the bioaccissibility for technical reasons. In our assessments, we adopted committed effective dose coefficients, which were calculated using a bioaccessibility of 0.053 based on the experimental results. The coefficient values of 134 Cs and 137 Cs for the age category 1 y are 9.1 × 10 −9 Sv Bq −1 and 9.0 × 10 −9 Sv Bq −1 , respectively, and those for the age category 5 y are 5.2 × 10 −9 Sv Bq −1 and 4.8 × 10 −9 Sv Bq −1 , respectively. Note that the ICRP is currently revising the biokinetic model (48) (49) (50) and this revision is not yet complete. Therefore, once the models and coefficients are prepared, it may be necessary to assess the doses from the ingestion pathway based on the new model.
The hand-to-mouth activities of children were assumed to take place in Date City in Fukushima Prefecture. A probabilistic approach was adopted to consider the spatial and inter-individual variability of the contamination and the behavioral patterns related to soil ingestion. This approach has been widely used for health risk assessments (7, 51, 52) . The technical basis and the data to use in this approach have also been developed in the field of risk assessment for the ingestion of contaminated soil (53) (54) (55) (56) . However, to reflect the characteristics of the physical attributes and lifestyle habits of Japanese children, we used data based on surveys performed in Japan. In our assessments, we used the distributions of the amounts of soil ingested per day, which were determined from actual surveys performed in a Japanese kindergarten (57) . Part of the soil that adheres to the hands can be a potential exposure source for hand-to-mouth activities. Therefore, to avoid underestimates in the amounts ingested by the children, the doses were assessed based on the assumption that all the adhered soils were ingested. The distributions of soils adhered to hands are characterized by a lognormal form. The geometric mean (GM) and geometric standard deviation (GSD) values of each age category are summarized in Table V . We used these statistics as the input for SI in Eq. (2) for our probabilistic assessments.
The spatial distribution of the surface density of 137 Cs (in Bq m −2 ) in Date City was measured by the Ministry of Education, Culture, Sports, Science, and Technology (MEXT) (58, 59) after the Fukushima accident.
From these measurements, the GM and GSD of the concentration of 137 Cs in the soil in Date City were 8.66 × 10 2 Bq kg −1 dry wt. and 1.60, respectively, as of November 2013. Conversions from surface density (Bq m −2 ) to bulk concentration (Bq kg −1 ) were made assuming that the soil density was 1.6 g cm −3 . The concentration of 134 Cs on the ground was assumed to be equal to that of 137 Cs as of March 15, 2011 based on UNSCEAR's report (60) . In our probabilistic approach, the set of 137 Cs concentration, A Cs137 (t), and the amount of soils ingested, SI, was generated on the basis of the statistical characteristics described above using a Monte Carlo analysis code, i.e., GSALab (61) , which was developed by the Japan Atomic Energy Agency. The dose calculations were performed for 10,000 sets of sample values. Relative errors in the assessments were less than 0.05. The parameters used in our assessment are summarized in Table V . respectively. Figure 6 shows the time-dependence of the annual committed effective doses to children for the age category 1 y as a function of time after the contamination. The doses were calculated on the condition that 2 − 1 in Eq. (2) is 1 year. The dependence was calculated from the radioactive decay without considering the transfer of Cs in the environment owing to weathering or migration. The annual committed effective doses from the ingestion of contaminated soils were less than 1 µSv for a long time after contamination.
As compared to the doses from other exposures pathways, for example, the doses from external exposures measured during the period between July 2012 and June 2013 in Date City was 0.89 mSv y -1 on a population-wide average (62) . Therefore, the doses from the ingestion of contaminated soils are ten or more times less than those from external exposure in Date City. In addition, we performed sensitivity analysis to clarify when we would actually need to worry that soil ingestion pathway could pose a significant threat in children. In our calculations, the 95 th percentile of the doses were obtained on the condition that a child ingests about 50 mg of soils contaminated with a concentration of about 1,000 Bq kg -1 per day. Based on our sensitivity analysis, if a child ingest 1000 mg of soils contaminated with a concentration of 10,000 Bq kg -1 per day, the annual committed effective dose from this pathway is 0.16 mSv. This level of doses is nearly equal to the doses from external exposures and it would be a concern in the contaminated area. However, in fact, such level of amount of soil ingestion is far from reality, and the concentration of 137 Cs is less than 5,000
Bq kq -1 in Date City (58, 59) . As consequently, we concluded that the contribution of ingestion of contaminated soils to the doses in children is negligible compared with those from external exposures.
After the Fukushima accident, a few investigations of the internal radiation contamination by radioactive Cs were performed on children in Fukushima Prefecture (63) (64) (65) (66) . Tsubokura (65, 66) reported the results of one such measurement program using a whole body counter (WBC) in the city of Minamisoma during the period between April 2012 and March 2013 and between May and July 2013. The detection limits of the WBCs were 220 Bq body −1 for 134 Cs and 250 Bq body −1 for 137 Cs. More than 4,000 elementary school (6-12 y) and junior high school students (12-15 y) were measured in the two programs, and most of the students were observed to have non-detectable levels of radioactive Cs. Tsubokura et al. (66) also assessed the maximum annual effective dose if the children daily ingested an equivalent amount of soil within the detection limit of the WBC measurements. The maximum level of annual committed effective dose owing to 134 Cs and 137 Cs was estimated to be 0.066 mSv y −1 for children aged 6-7 years. This result is consistent with our results, which showed that the contribution of contaminated soil ingestion to internal doses is negligibly small.
These assessments were performed on the basis of some important limitations and assumptions. First, bioaccessibility was evaluated in the fasting state and gastric pH values were selected to represent that state.
When the pH values were varied in the range of 1.3-4, corresponding to various gastric states, the bioaccessibility decreased by several times (14) . Second, the extraction tests were performed using soil samples taken from a single site. Therefore, the bioaccessibility obtained from this study is site-specific, which limits its general use. Finally, the doses were assessed on the assumption that children ingest the same amounts of soil per day over the assessment period, i.e., one year, to avoid underestimation. In general, it is known that the distribution of the estimated average daily soil ingestion over a short period is more widely spread than the actual soil ingestion over a longer period (67, 68) . Therefore, the 95 th percentiles of the doses for the observed 1-day soil ingestion estimates will be higher than those obtained using the true 1-day soil ingestion.
To reduce the variabilities and uncertainties owing to the limitations mentioned above, further studies are needed to examine various types of soils and long-term observations of lifestyle habits. In addition, doses owing to internal exposure could occur from pathways other than soil ingestion (e.g., ingestion of contaminated foodstuffs or the resuspension of depositions) (2) . Therefore, to accurately assess the doses from internal exposure, we need to make further efforts to consider the contributions from these pathways.
CONCLUSIONS
The (1) Extractability is defined as the ratio of the extracted radioactivity to that in soils sieved with a 100-μm filter. 
In vitro
Savannah River Site soil enzymolysis procedure 0.060-0.38 (38) Winkle with soil enzymolysis procedure 0.13-0.63 (39) Alfalfa with soil enzymolysis procedure 0.18 (40) (1) The same values were adopted for 134 Cs and 137 Cs.
(2) The values of k Cs shown in this table were calculated using a bioaccessibility of 0.053.
(3) Amounts of soil ingested were determined based on an actual survey in a Japanese kindergarten (57) .
